INTRODUCTION
The rapidly increasing number of proteins identified as containing a metallo-β-lactamase fold catalyze a variety of diverse reactions. The members of this group which have been functionally and structurally characterized are the hydrolytic enzymes β-lactamase (1) and glyoxalase II (2) , as well as the redoxenzyme rubredoxin:oxygen oxidoreductase (ROO 1 ) from Desulfovibrio gigas (3) . Whereas β-lactamases were shown to be active with one or two zinc atoms (4, 5) , active glyoxalase II requires two zinc atoms (2) or a mixed zinc/iron binuclear active site (6) . In contrast to the zinc β-lactamase domain enzymes, ROO contains two iron atoms in its β-lactamase domain and an additional flavodoxin domain (3) . A large number of hypothetical enzymes found in GenBank (7, 8) might also share this fold and bind one or two metals, but most of the enzymes are not yet functionally or structurally characterized.
One of the hypothetical metallo-β-lactamase domain proteins is encoded by the ElaC gene
(third open reading frame in the ela-locus) in Escherichia coli (GenBank accession number U58768). Based on weak sequence homology (35 % with 32 % gaps) to a functionally characterized arylsulfatase from Alteromonas carrageenovora (9) , it was suggested that ElaC could also exert this function (10) . Stronger sequence homology, up to 50 %, was found to two human genes, named ElaC1 and ElaC2. Genetic studies revealed an association with cancer for both human genes. ElaC2 has been identified as a prostate cancer susceptibility gene (11, 12) and ElaC1 (named D29 in that study) as a candidate lung tumor suppressor (13) .
ElaC2 appears to be unique to eukaryotes, whereas ElaC1 orthologs were found in eukaryotes, eubacteria, and archaebacteria (12). A study of mRNA expression revealed that both human proteins were expressed in all tissues analyzed (12, 13). Gene disruption experiments in Saccharomyces cerevisiae indicated that ElaC2 is an essential gene (12). The No ElaC gene product has previously been characterized. As the first member of this widespread and highly conserved group we purified and functionally characterized the E. coli
ElaC gene product. We have shown that this protein is not an arylsulfatase, but a phosphodiesterase. The phosphodiesterase activity is strongly correlated with the zinc content of the enzyme. X-ray absorption spectroscopy provided the first structural model of the active site, which is in agreement with the metal coordination found in metallo-β-lactamase domain proteins. Since no explanation has been published for the abbreviation ElaC, we name this novel type of binuclear metallohydrolase ZiPD (zinc phosphodiesterase).
EXPERIMENTAL PROCEDURES Materials
Except when stated otherwise, all proteins and fine chemicals were purchased from Sigma (Deisenhofen, Germany). Restriction enzymes were from New England Biolabs (Frankfurt, Germany). Oligonucleotides were synthesized by Genset (Paris, France). DNA-sequencing was performed by MWG (Ebersberg, Germany). 
Cloning and expression of ZiPD

Metal incubation
The apoenzyme (apo-ZiPD) was obtained after incubation of a.i.-ZiPD with 10 mM EDTA for 1 hour at room temperature and subsequent dialysis of the EDTA-metal complex and excess EDTA. Apo-ZiPD was saturated with metals by addition of 0.2 mM Zn 2+ or Fe
2+
. Iron incubation was performed in degassed buffer and the presence of 2 mM dithionite. After one hour incubation at room temperature, excess metal was removed by extensive dialysis against metal free buffer (20 mM Tris/HCl pH 7.4, 150 mM NaCl, 1 mM DTT). Buffers were treated with Chelex100 (Biorad, München, Germany) to remove trace metals. This yielded the zinc and iron saturated ZiPD preparations, Zn-ZiPD and Fe-ZiPD respectively, which were used for subsequent analysis.
Metal analysis
Proton induced X-ray emission
The metal content of different ZiPD samples was determined by detection of the proton induced X-ray emission (PIXE) at the Hamburg 2 MeV proton microprobe (14) . Using this technique, all elements apart from those lighter than sodium can be detected in a single scan at a minimum limit of about one to ten parts per million by weight. Its application to protein analysis was reviewed by Garman (15) . A particular advantage of this method is the ability to measure the sulfur content, which serves as an internal standard to determine the protein content of the samples. For the ZiPD samples the number of sulfur atoms was derived from the encoded sequence in pETM-ZiPD which contains 6 cysteine and 6 methionine residues.
Protein samples were extensively dialyzed against Chelex100 treated buffer composed of 20 mM Tris/acetic acid pH 7.4, 100 mM NaNO 3 to remove chloride and sulfur compounds which disturb the protein sulfur signal. The samples (10 -15 µg) were dropped onto sample holders covered with a 1.5 µm polycarbonate backing foil. With the proton microbeam, sample areas of a few mm 2 were scanned and the characteristic X-rays were detected using a Si(Li)
detector. A proton current of a few hundred picoamperes was applied for about one hour, ensuring that no elemental loss (sulfur or metals) due to thermal stress occured which would otherwise change the X-ray signal intensity.
The unknown number of metals per molecule was calculated from their calibrated signals with reference to the calibrated sulfur signal. The overall accuracy was estimated taking into account the statistical errors of the X-ray yield and the uncertainty in the correction for X-ray absorption within the samples. 
Inductively coupled plasma mass spectrometry
The metal content of Zn-ZiPD was additionally analyzed using an inductively coupled plasma mass spectrometer (ICP-MS HP 4500, Hewlett-Packard, Waldbronn, Germany), equipped with a PFA µ-flow nebulizer (100 µL/min self-aspirating) and a cooled Scott spray chamber.
Four isotopes ( 64 Zn, 66 Zn, 67 Zn, and 68 Zn) were simultaneously monitored in order to recognize any spectral interference, but no deviations between the isotopes could be observed.
Release of the metal ions from Zn-ZiPD took place by acidification with concentrated nitric acid. The total zinc content was determined by the standard addition method (N=3). In order to check the zinc distribution in the protein sample, the ICP-MS was on-line coupled to sizeexclusion chromatographic equipment (TSK Gel 3000PW XL 150 mm x 4.6 mm i.d.,
TosoHaas, Stuttgart, Germany). The chromatographic conditions (1 ml/min Tris/HCl, pH = 7.5) in combination with the element-selective detection enables a separation of proteinbound and free zinc.
X-ray absorption spectroscopy
The metal coordination was determined by X-ray absorption spectroscopy. The extended Xray fine structure (EXAFS) provides element specific local structural information (16, 17) .
Zn-ZiPD in 50 mM Tris/HCl pH 7.4, 15 % glycerol was concentrated to 1-2 mM using Millipore concentrators with a 10,000 molecular weight cut off. Sample holders covered with Kapton windows were filled with this protein solution and were frozen in liquid nitrogen.
During measurement the sample was cooled to about 30 K. X-ray absorption spectra at the Zn ElaC encodes a novel binuclear zinc phosphodiesterase 8 EXPROG software package (C. Hermes and H. F. Nolting, EMBL-Hamburg) using E 0, Zn = 9660eV. The EXAFS spectrum was analyzed with EXCURV98 applying constrained refinement (19) . Ligand types as well as coordination numbers were varied manually, whereas the distances, the Debye-Waller factors, and the Fermi energy offset were refined.
Enzymatic assays
Screen with β-lactamase domain protein substrates
Activity tests were performed in 200 µl buffer (20 mM Tris pH 7.4 or sodium acetate pH 5.0, 150 mM NaCl) with the a.i.-, apo-, Zn, and Fe-ZiPD (50 ng) preparations. Hydrolysis of Nitrocefin (100 µM) (Calbiochem, Schwalbach, Germany), a β-lactamase substrate, was detected by a color change to red. Liberation of p-nitrophenol from p-nitrophenylsulfate and p-nitrophenylphosphate (10 mM) was detected by a yellow color, hydrolysis of pnitrocatecholsulfate (10 mM) by a color change from yellow to red. Glycosulfatase activity was probed with glucose-6 sulfate as previously described (20) . Glyoxalase II activity using the substrate S-D-lactoylglutathione (0.5 mM) was monitored at 240 nm. In order to verify the correct setup of the tests, positive controls were conducted with β-lactamase from Bacillus cereus, arylsulfatase from Aerobacter aerogenes (both from Sigma), and glyoxalase II-2 from
Arabidopsis thaliana, kindly provided by C. Makaroff (Miami University, Ohio). All reactions were carried out at room temperature and monitored for two hours.
Random substrate screen
A random substrate screen was performed using Taxa Profile E plates (Merlin, BornheimHersel, Germany). These plates, originally designed for microorganism classification and 
RESULTS
Expression and characterization of ZiPD
Expression of ZiPD as a His-tagged fusion protein in E. coli yielded soluble recombinant protein in amounts of 20-50 mg/l. After the first purification step using a Ni-metal chelating column, the eluted recombinant protein was almost pure as shown by SDS-PAGE analysis ( Figure 1 ). Purified ZiPD migrates to about 36 kDa on SDS-PAGE which corresponds well to the calculated molecular mass for the monomer of 36.04 kDa. The main fraction of the recombinant protein eluted from the gel filtration column at a volume corresponding to a dimer of about 70 kDa. The profile of the phosphodiesterase activity coincided with the protein profile. After several weeks of storage at 4°C these dimers tend to form multimers and aggregates which elute with the void volume of the gel filtration column (Figure 2 ). The ratio of activity to protein absorbance shows that the phosphodiesterase activity of these higher molecular weight forms was significantly lower than of the dimer. These data demonstrate that the active species of ZiPD in solution is a dimer.
ZiPD binds two metal atoms
The metallo-β-lactamase proteins currently known have been shown to bind up to two zinc or iron atoms. Metal analysis by PIXE using the known protein bound sulfur content as an internal standard showed that a. i.-ZiPD contained 0.07 iron and 0.3 zinc atoms per protein molecule (Table I ). The nickel content (0.16) is probably due to the purification protocol used. The content of other transition metals such as copper and manganese was negligible.
Most of the zinc could be extracted with EDTA. After incubation of the apo-ZiPD with either an excess of zinc or iron ions followed by dialysis of the unbound metals, the protein was shown to bind approximately two metal ions (Table I) ± 0.03 Å resulted in a fit with a slightly decreased R-factor of 31.9 % (Table II) . It has been demonstrated that the contribution of a neighboring metal in proteins can be hidden by the backscattering contributions of carbon atoms, especially from imidazole ligands (24) . This could explain the low significance of the contribution from the second zinc atom. With the present data, EXAFS does not unambiguously confirm a binuclear metal site.
ZiPD is a phosphodiesterase
Based on the sequence homology to an arylsulfatase, we probed ZiPD first for arylsulfatase activity using the standard substrates p-nitrocatecholsulfate and p-nitrophenylsulfate. In ElaC encodes a novel binuclear zinc phosphodiesterase 13 addition, the related glycosulfatase activity was tested with the substrate glucose-6-sulfate. No activity towards these substrates with any of the different ZiPD preparations listed in Table I could be detected at pH 7.4 or 5.0 (data not shown). In addition, reactions catalyzed by other β-lactamase-domain enzymes were tested including β-lactamase-and glyoxalase II substrates.
Again, none of these substrates were hydrolyzed by ZiPD.
Finally, a commercially available substrate screening plate utilizing 188 different substrates was applied: 95 different substrates for peptidases, 17 substrates for diverse reactions, and 76
substrates for glycolytic enzymes, phosphatases, and esterases. None of these substrates were hydrolyzed by Fe-ZiPD (data not shown). For Zn-ZiPD, however, two different substrates were identified: the phosphodiesters thymidine-5'-p-nitrophenylphosphate (TpNPP) and bis(p-nitrophenyl)phosphate (bpNPP) (Figure 4 ). The substrate bpNPP is cleaved into pnitrophenol and p-nitrophenylphosphate. We could not detect any activity for Zn-ZiPD towards the latter product. This enzyme is therefore a phosphodiesterase and does not act on phosphomonoesters.
The enzymatic activity on TpNPP could indicate a function as a nuclease, but no hydrolytic activity for different types of nucleic acids was found (Table III) . Furthermore, neither phospholipase C or D activity, nor cleavage of various phosphoric acid anhydrides was detected after incubation with Zn-ZiPD (Table III) for bpNPP (59 s -1 ) is about 6.5 times higher than for TpNPP (9 s -1 ) (Table IV) and the K'
value was found to be in the millimolar range (4 and 3 mM, respectively) for both compounds.
Phosphodiesterase is dependent on zinc
Determination of the specific activity towards bpNPP for the different preparations of ZiPD demonstrates that activity is strongly dependent on zinc. The isolated enzyme with 0.3 equivalents of zinc displays an activity of 5.8 U/mg and is inactivated by the loss of zinc upon EDTA incubation (Table I ). An activity of 62 U/mg was achieved for the dizinc form, whereas the diiron form exhibits an activity of only 0.17 U/mg.
Determination of the phosphodiesterase activity with increasing zinc concentration showed an optimal activation with 0.1 to 0. 
DISCUSSION
Multinuclear zinc enzymes are frequently found to hydrolyze peptide, thioester, and phosphoester bonds (25, 26) . The previously characterized phosphodiesterases within this group utilize three zinc atoms, as shown for phospholipase C (27) , nuclease P1 (28) fold coordination (31) . This model is most similar to the zinc coordination found in β-lactamase from X. maltophila (30) . However, the model is also consistent with the binuclear cluster found in phospholipase C, nuclease P1, and endonuclease IV (27) (28) (29) . Thus, a low coordination number and an N/O donor set seems to be required for effective phosphodiester cleavage at a binuclear zinc site.
We demonstrated that the protein encoded by the E. coli ElaC gene hydrolyzes the phosphodiester bpNPP with high efficiency. The k cat /K value of Zn-ZiPD for bpNPP is orders of magnitude higher than for the nucleases BfiI and Nuc (Table IV) (33), phosphotriesterase (34) , and alkaline phosphatase (phosphoric acid monoester hydrolase) (35) also display activity to artificial phosphodiesters (Table IV) . Although the activity is orders of magnitude lower compared to that of ZiPD, this
shows that a binuclear zinc active site is preferred for phosphodiester cleavage. The high k cat /K' value for ZiPD towards bpNPP makes it very likely that the physiological substrate for this enzyme is a phosphodiester.
The main classes of naturally occurring phosphodiesters are nucleic acids and phospholipids.
None of the various types of nucleic acids tested here were hydrolyzed by ZiPD, excluding the function of ZiPD as a nuclease (Table III) . The assays also included cyclic nucleotides which act as important second messengers. We analyzed the hydrolysis of phosphatidylcholine as a prototype of a phospholipid. Neither phospholipase C nor D activity could be detected with this substrate. Furthermore, no activity towards the chromophoric substrate p-nitrophenylphosphorylcholine, a phospholipase C substrate, was found. 
Figure 3 EXAFS spectrum for Zn-ZiPD
Data were recorded at the Zn K-edge as described in the experimental section. A) EXAFS spectrum, B) Fourier transform. Thin lines represent the experimental data and thick lines the calculated spectrum based on the model given in Table II . χ(k) is the EXAFS amplitude; r' is the metal-ligand distance corrected for first shell phase shifts; a.u., arbitrary units.
Figure 4 ZiPD is a phosphodiesterase
Substrate screen using 188 different hydrolytic substrates on Taxa Profile E plate (Merlin).
The plate contains two identical tests (top and bottom separated by line) which were carried out with Zn-ZiPD (0.004 mg/ml) and buffer (150 mM NaCl), respectively. Positive reactions for ZiPD, which were not seen in the buffer control are circled. (1) a N is the coordination number, r is the mean interatomic distance and 2σ 2 the Debye-Waller factor. The R-factor of this model is 31.9 % and the Fermi Energy offset -6.47 eV. The error of N is estimated to 0.5. The error of r is 0.02 Å for the first shell and 0.03 Å for the zinc atom. Numbers in brackets represent the uncertainties of the last digit.
b Histidine residues are represented by an imidazole and aspartate/glutamate residues by a carboxylate group. These structures were taken from EXCURV98 and subjected to rigid body refinement.
c Atoms with similar distances were grouped together for collective refinement of the DebyeWaller factors and the distance to the metal center in the case of the first shell. These groups are marked by the same subscript. 
